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Abstract
Europium (Eu) and other rare earth ions along with some transition metals doped in nitride
semiconductor has been investigated by photoluminescence measurement. Eu has been
found to be most efficient light emitting dopants. Eu was implanted on several host ma-
terials (undoped GaN, Mg-doped GaN, u-AlGaN, Mg-doped AlGaN, AlN). We propose a
new method to distinguish optically active centers of Eu in Eu-implanted Mg-doped GaN.
Two different types of optically active Eu centers in Mg-doped GaN:Eu and one types of
centers in undoped GaN:Eu has been identified. Sevral more optical centers in Mg-doped
GaN:Eu can not be ruled out. The excitation mechanism of these Eu centers based on rate
equations was formulated by a donor-acceptor pair (DAP) resonant energy transfer model
where europium ions are excited by those donor-acceptor pairs located from a certain dis-
tance to match one of its excited energy level with the DAP transition energy. For above
band gap excitation the formation of randomly distributed indistinguishable neutral donors
and acceptors around the europium ions dominates the characteristics of the energy transfer
process. From the temperature-dependent photoluminescence measurements by above band
gap excitation two activation energies (106 meV and 0.6 meV) for one type of Eu center
is derived. Under below band gap excitation no nonradiative energy back transfer has been
observed at higher temperatures as the luminescence efficiency remains constant. Surpris-
v
ingly the PL lifetime of Eu3+ spectra is found to be approximately the nearly same at all
temperatures, which further confirms the radiative emission. Europium ion is supposed to
be excited by a resonant energy transfer from the donor-acceptor pair in the vicinity of the
europium ions which are directly excited by the optical excitation.
A strong enhancement of Eu3+ luminescence in europium-implanted GaN samples is
obtained by codoping with silicon (Si) and magnesium (Mg) simultaneously. The Eu3+
intensity in the 5D0 to 7F2 transition region is found to be thirty times higher compared to
europium-implanted undoped GaN. The major contribution to this overall enhancement is
due a weak peak present only in europium-implanted Mg-doped GaN at 2.0031 eV (618.9
nm) which is strongly enhanced by codoping both Mg and Si. The excitation process of
europium ions is considered to take place through a donor-acceptor pair related energy
transfer mechanism.
Moreover, the Eu3+ luminescence even higher in AlGaN materials. Eu3+ luminescence
has been studied in different Al composition with different doping (Mg and Si). The peaks
position in GaN to AlN has been found to be red shifted as a consequence of change in
crystal field.
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1 Introduction
Optoelectronic devices are becoming vital part of everyday life. Earlier fluorescence based
light sources were used to serve this purposes. Laser diodes (LDs) and light emitting diodes
(LEDs) are commonly used in fiber optical communications, traffic signals and in many
such applications. Nitride semiconductor has been widely studied recently for the opto
electronics devices basically for light emitting diodes and lasers structures.
Rare earth ions in semiconductors have been widely discussed for possible applications
in optoelectronic devices [1],[2] They show very sharp luminescence lines which hardly
depend on temperature and crystal host. Eu3+ emits light as the electrons in its 4f orbital
undergo transitions from higher excited states to the ground state. Europium and Erbium
are considered to be most useful among rare earth ions because they emit light in the red
and green region of the visible spectrum. In particular, Europium in GaN is being studied
because of its potential to extend the spectrum of nitride-based light emitters into the red
region [3],[4].
In situ doped GaN:Eu grown by MOCVD or MBE has been investigated [1][5]. Recently
Nishikawa et al. reported current injected red emission from p-type/ Eu-doped / n-type
GaN: Eu red LED with optical output power of 1.3 µW at 620 nm [2]. The same group
also reported a higher optical power of 17 µW using atmospheric pressure MOVPE [6].
3
However higher luminescence efficiency is still a need for fabricating efficient commercial
optical devices. One way to enhance Eu3+ luminescence intensity in GaN is codoping by
Mg as the transition probability depends on crystal symmetry [7],[8]. Si doped GaN grown
by MBE has shown 5-10 fold higher Eu3+ luminescence intensity compared to undoped
GaN:Eu[9]. Wang et al. claimed that the Si codoping might increase the excitation cross-
section and an efficient energy transfer by shallow energy levels. Er-implanted Mg doped
GaN was investigated and also exhibited selective enhancement [8] of Er3+ luminescence
intensity. Recently, europium doped GaN with Mg co doping grown by ammonia MBE has
also been reported [10]. Enhanced Eu3+ luminescence has been observed intensity by Mg
codoping in in situ europium doped GaN.
Along with higher luminescence by codoping, Eu3+ emission spectra have contributions
from multiple optical centers [11],[12]. Tagaki et al.[10] mentioned those sites as A and B
and relative concentration of those centers were calculated. We assigned similar centers as
type I, type II and so on.
The energy transfer process from GaN to Eu3+ is a complicated process. Several authors
have explained the excitation process of Eu3+ in different hosts. Some assumes that the en-
ergy transfer takes place through a charge transfer state [13],[14]. But there is no complete
model in previous literature available for energy transfer mechanism from GaN to europium
ion. An energy transfer process through the donor-acceptor pairs has been proposed..
The goal of this work was to fabricate single photon sources using the nitride semicon-
ductor. We have used several RE ions and transition metals to implant on nitrides host for
this purpose. Europium found to be the only material which can emit light from the nitride
hosts. However, the luminescence lifetime was found to be very large for an efficient single
4
photon source. Other rare earth ions and transition metals does not show any significant
luminescence. Therefore, we mostly studied the europium luminescence.
In the first chapter, GaN and other rare earth ion and transition metals properties are
described. In second chapter spectroscopy of europium in different host is discussed. In
the third chapter, the experimental set up is described, in the fourth chapter the experimen-
tal results have been explained by the proposed model. In fifth chapter all the works are
concluded and summerized.
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2 Basic properties of investigated materials
2.1 Gallium Nitride and its alloys
GaN and its alloys are very promising in fabricating optoelectronic devices. The extensive
bandgap engineering can be possible with these III-V semiconductors. For example the
alluminium nitride (AlN), gallium nitride (GaN) and indium nitride (InN) have a bandgap
of 6.1 eV, 3.4 eV and 0.7 eV [15, 16, 17] respectively at room temperature. So in principle
nitride semiconductors could be used for light emission in the wavelength range between
IR(1.5 µm) to ultra violet region (200 nm). However, it is difficult to produce nitride based
lasers at higher wavelengths. The efficiency decreases substantially when lasers or LEDs
operating in the long wavelength region above 500 nm due to the necessity of incorporating
high indium contents. This induce strain related defects in the lattice. Additionally, The
piezo fields created due to the strain lead to low overlap between the electron and hole wave
functions which is the reason for low efficiency [18, 19]. GaN is the primary material among
the nitride semiconductors. It can exist at least in two types of crystal structures, cubic and
hexagonal (wurzite). The unit cell of wurzite crystal structure is shown in figure 2.1. It has
two lattice constants represented as a and c with space group of C46v−P63mc. The value
of a-lattice constant and c-lattice constants at room temperature are 3.186
o
A and 5.186
o
A
7
Ga
N
c
a
Figure 2.1: Schematics of GaN unit cell.
respectively. In addition to that GaN is significantly ionic and partially covalent bonded
among the gallium and nitrogen atoms.
The unit cell of GaN in wurzite structure consists of 2 Ga and 2 N atoms with a density of
6.15 g/cm3. Experimentally GaN thin films can be grown on various substrates. The lattice
mismatch between the substrate and the grown layer can be calculated as follows
alayer−asubstrate
asubstrate
where alayer is the lattice constant of the grown layer, asubstrate is lattice constant of the
substrate. Large lattice mismatch between substrate and the layer leads to poor crystalline
quality of the layer. In order to reduce the lattice mismatch, a low temperature nucleation
layer following a buffer layer are usually grown on the substrate. Sapphire and 6H or 4H SiC
are the the mostly used substrates. However, Sapphire is transparent and cheaper compared
8
to SiC.
2.2 Rare earth (RE) ions
Rare earth ions are not rare in the earth crust. They are typically dispersed and not found in
concentrated form. That is the reason why they are named rare earth. The free ion energy
levels of all rare earth ions are in figure 2.2. During the work we have used three different
RE ions: cerium, europium and erbium
2.2.1 Cerium
Cerium (Ce) is the 1st element in the lanthanide series in the periodic table, it has an atomic
number of 58 and the electronic configuration is [Xe] 4f 5d 6s2. It can exist in 3+ charge
state in various solids. Usually most transitions in cerium are parity allowed unlike other
rare earth ions such as europium and erbium. This is because the transitions involved are
not in the same orbital rather than in different orbitals (5d to 4f), so allowed by parity.
For example at 560 nm a broad line is observed in Ce doped yttrium aluminum garnet
[20]. Cerium doped GaN has been studied as well [21]. But no luminescence which cor-
responds to cerium is observed except only a shift in the band edge luminescence of GaN.
The interaction between of the electrons in the 5d orbital and the host material results in a
broadening of the spectrum [22]. It is found that cerium-doped yttrium aluminum garnet
YAG:Ce is the most suitable yellow luminescent phosphor for the production of white LEDs
[23, 24]. The lifetime of Ce luminescence are comparably very short, typically in the order
of ten nanoseconds. Hansel et al. [25] showed the luminescence lifetime of cerium-doped
yttrium aluminum garnet as a function of temperature and as a function of gallium content.
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Figure 2.2: Free energy level of rare earth ions (Applied Optics, OSA, 2, 675-686
(1963))[26]
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They found a further decreasing of decay lifetime with increasing gallium content. Shorter
lifetime was a concern of study for the efficient single photon devices.
2.2.2 Europium
Europium (Eu) is the sixth element of the lanthanide series in the periodic table. The elec-
tronic configuration of Eu is [Xe]4f75p66s2. It has two possible charge states +3 and +2 in
various solid hosts. The charge state basically depends on the host material. The electronic
configuration of Eu3+ is [Xe]4f65p6. For different charge states the emission wavelength
changes in Eu doped material. For +2 charge state it emits a broad line at 460 nm [27]
as the transitions are dipole allowed. Luminescence from Eu2+ has been extensively stud-
ied as phosphor material to fabricate white LEDs. In various phosphor materials such as
alkaline-earth-metal halophosphates are well known for their applications in optical devices.
Among these, divalent europium-activated strontium chlorophosphate is an efficient photo-
luminescent material, used as the blue component in high efficiency compact fluorescent
lamp. Eu2+ doped barium chlorophosphate (Ba5(PO4)3Cl: Eu2+) is a promising material
for X-ray imaging [28]. White light-emitting diodes (LEDs) using Eu2+ phosphor offer
reliability, energy saving, and safety [29].
However, for +3 charge state it has an intense sharp emission line in between 610 to 620
nm according to the solid hosts. This is an electronic transition from the energy level 5D0 to
7F2. This transition energy is independent of temperature in a particular host and varies only
slightly from host to host. Because the electrons involved in such transitions are interacting
very weakly with the host atoms. The emission intensity and excitation efficiency depend
on the host material.
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Due to the crystal field energy levels of rare earth ions are split into several sub levels. The
Eu3+ luminescence is particularly useful in studying local environment as it possesses non-
degenerate ground (7F0) and emitting ( 5D0) states, so that neither the ground nor emissive
level can be split by a crystal field. Thus a one-to-one correspondence exists between the
number of peaks ( 5D0 to 7F0) in the emission spectrum and the number of distinct Eu3+
ion environments [30]. In different solid hosts Eu3+ occupies different site symmetries,
for example in calcium tartrate tetrahydrate material Eu3+ occupies a D2 symmetry [30]
whereas in Y2O3 it occupies a C2 symmetry [31]. In addition to that Eu3+ expected to
occupy a C3v symmetry site in GaN [32].
2.2.3 Erbium
Erbium (Er) has the electronic configuration [Xe] 4f12 6s2. It exists in 3+ charge state in
most of the solid materials. Er basically emits in the green region (532 nm) of the visible
spectrum and in the infrared region (1.5 µm). The infrared emission is due to the electronic
transition from the excited energy level 4I 13
2
to the ground state 4I 15
2
and for the visible range
emission due to the electronic transition of 4I 15
2
to 2H 11
2
[33, 34]. The infrared (1.5µm)
emission is very suitable for optical fiber communication due to minimum loss for this
wavelength. For this purpose it is essential to know about its emission properties. LEDs
based on Er doped silicon is being fabricated [33]. Moreover, an Erbium-doped microlaser
is fabricated utilizing SiO2 microdisk resonators on a silicon chip [35].
Er in silicon is well investigated due to its possible application in microphotonic tech-
nology. The excitation mechanism is discussed by an Auger kind of recombination. The
recombination processes of Er in silicon are different because of the localized nature of
core f-electrons. Palm et al. [36] derive the radiative and nonradiative mechanisms of the
12
energy transfer in erbium doped silicon by investigating the temperature dependence of the
intensity and the photoluminescence lifetime. They have found that the nonradiative energy
back transfer from the excited Er ion to the Si host causes luminescence quenching which is
a impurity Auger effect. This is certainly an efficient luminescence quenching mechanism
for Er luminescence in Si. They proposed an excitation mechanism in which rare earth ions
are excited by excitons and a decrease of radiative efficiency by Auger back energy transfer
from the rareearth ions to the free electrons. A similar conclusion is also observed by Thao
et al. [37].
2.3 Transition metals
The transition metals are the elements in the d-block of the periodic table. There is a com-
mon feature between the transition metals and rare earth metals. Unlike rare earth metals,
transition metals have also partial occupancy in d- orbital. Following are the materials we
studied.
2.3.1 Chromium
Chromium (Cr) has the electronic configuration [Ar] 4s13d5. Cr has a typical electronic
transition from E2 to 4A2 which gives rise to two emission lines called R1 and R2 at 694
nm and 692.5 nm [38]. Cr can be present as an impurity in sapphire [39]. If sapphire has
more than 1000 ppm Cr3+ ions as impurities, it is referred to as a ruby. In case of ruby, the
optical processes result from the electronic transitions at the outer 3d3 shells of the Cr3+
ions. The unshielded character of these orbitals, makes Cr3+-related light emission very
efficient. The Cr3+-related luminescence are highly affected by the crystal environment.
These are used in solid-state lasers such as ruby laser which produces light emission at 694
13
nm [40]. The Cr3+ ion is slightly larger than Al3+ and normally substituting the aluminum
in sapphire. The first optical laser achieved by stimulated optical emission from a solid-state
device based on ruby or Cr3+-doped sapphire [41].
The Cr3+ ion is also found to be doped in AlN in different substrates such as silicon and
optical fibers [42]. Strong light emission occurred at 702 nm, which is a sharp peak that
corresponds to a transition from 4T2 to 4A2 of Cr3+ ion. A number of other optical and
photonic device can be constructed using this strong emission from AlN:Cr.
2.3.2 Cobalt
Cobalt (Co) has electronic configuration [Ar] 4s2 3d7. Cobalt doped materials are basi-
cally known for their magnetic properties [43]. Due to their spin-transport properties, the
transition-metal doped semiconductors are referred as diluted magnetic semiconductors and
there is a possibility of its application in spintronic devices. The unique electronic structure
of Co induces the room temperature ferromagnetism [44]. Simultaneously semiconducting
and ferromagnetic behavior is observed in Co-doped TiO2 above the room temperature [45]
as well.
In addition, Co doped ZnO shows optical properties and it exists in +2 charge state.
The emission line at 662 nm can be interpreted as an electronic transition from 2E(2G)
to 4A2(4F) in the Co2+ ions under the tetrahedral crystal field (Td) imposed by the host
material, ZnO [44].
2.3.3 Nickel
Nickel (Ni) has electronic configuration [Ar] 4s2 3d8. Like cobalt doped material Ni also
acts as a magnetic semiconductor when doped into semiconductor host material. For exam-
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ple Ni doped ZnO shows room temperature ferromagnetism [46]. Paramagnetic behavior
in nickel doped ZnO has also been observed [47]. Nickel exists in 2+ charge state in most
of the host materials. Moreover, Nickel doped material shows luminescence properties as
well. The room-temperature photoluminescence of CdS:Ni nanoparticles was observed at
503 nm. This emission of CdS:Ni is attributed to the 1T2g(D) to 3A2g(F) electronic tran-
sition of 3d orbital. The intensity of this transition increases with an increase of the Ni2+
concentration [48].
2.4 Co-doping in GaN
2.4.1 Magnesium-doped GaN
Magnesium (Mg) is a well known acceptor in GaN. The typical photoluminescence (PL)
spectrum in Mg-doped GaN is a blue luminescence (BL) band with a maximum at about
2.8 - 2.9 eV (420 - 450 nm) [49]. This BL band is a typical emission from donor acceptor
pair luminescence (DAP). The peak position of emission spectra from Mg-doped GaN de-
pend on Mg concentration as well. Apart from the luminescence from a dislocation center at
3.01 eV, there exists a photoluminescence band near 3.28 eV (378 nm) at lower Mg-doping
level. This band is due to the transition from a shallow donor, a possible candidate is gal-
lium vacancy (VGa) to an acceptor which is possibly an isolated substitutional Mg (MgGa).
The binding energy of the acceptor was found to be in the range of 200 meV to 250 meV
[49, 50, 51, 52]. However at high Mg concentrations, a photoluminescence center at 2.8 -
2.9 eV has been observed which is attributed to a deep donor and acceptor pair transition.
This deep donor consists of a defect structure of MgGa - nitrogen vacancy (VN ) complex
and the acceptor is an isolated MgGa [50, 51, 52, 53]. The deep Mg-related donors ( MgGa
15
–VN complex) were found to be at 500 meV below the conduction band which is responsi-
ble for the 2.7-2.8 eV emission [52]. From the temperature dependent photoluminescence
study, it is found that the intensity of the blue emission (2.7-2.8 eV) decreases gradually as
temperature increases which is attributed to the quenching phenomena of the DAP emis-
sion. This quenching phenomena is due to thermal activation with a Mg acceptor energy of
approximately 160 meV [51]. Mg doping induces potential fluctuations in the band edges
in Mg-doped GaN which results a quadratic dependence of the PL intensity on the excita-
tion power density. The donor acceptor pairs are generally spatially separated to each other
and attracted by coulomb interaction. The recombination energy is given by the following
formula [51]
hυ = Eg− (ED +EA)+
(
e2
εr
)
where Eg is the band gap, ED and EA are the donor level with respect to conduction band
and acceptor level with respect to valence band respectively and r is the average distance
between the donor and acceptor. The last term represents the coulomb interaction between
spatially separated donors and acceptors.
The concentration of holes increases with increasing Mg doping level but after a certain
Mg concentration, it begins to decrease. The hole concentration has been measured by Hall
measurement [53]. This reduction in the hole density is due to the compensation of the
Mg species by Mg-related defects introduced at high Mg doping. This defect could be a
complex formed by nitrogen vacancy and Mg.
Mg doping enhances the rare earth luninescence efficiency in GaN. It has been observed
that the Er luminescence in Er-implanted Mg-doped GaN is selectively enhanced compared
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to in Er-implanted undoped GaN [54]. In the Er-implanted Mg-doped GaN, the 1.5 µm
erbium characteristic luminescence are significantly enhanced by Mg doping. This Er center
is excited by a 2.8-3.4 eV below-gap photoluminescence excitation (PLE) band. Erbium
luminescence dominates the above-gap excited PL spectrum of Er-implanted Mg-doped
GaN, in contrast it disappears in Er-implanted undoped GaN.
Mg doping in GaN enhances the Eu luminescence in europium-doped GaN as well[7, 10].
Lee et al. observed five times higher luminescence in Mg co- doping in GaN. The Mg re-
lated peaks show highest luminescence at 180 K [7] at the same time the PL lifetime de-
creases towards room temperature. The effect of Mg co-doping also investigated by Tagaki
et al. [10]. They have observed a 20-fold enhancement of Eu3+ luminescence after Mg
co-doping. Mg could selectively activate the Eu optical site by elimination of nonradiative
deexcitation paths from the excited state 5D0.
2.4.2 Silicon-doped GaN
Silicon (Si) is a well known donor in GaN [55]. The near band edge emission is quite
prominent in Si doped GaN. In addition to that, there is a weak transition centered at 2.2
eV which is commonly known as the yellow luminescence band [56, 57]. The origin of this
emission is well described by a recombination model involving shallow donors and deep
defects. This emission is generally expressed as following equation similar to the blue band
in p-GaN [51].
hν = Eg−ED−EA + e
2
εr
Here Eg is the band gap, ED and EA is the donor and acceptor levels respectively and r is
the average distance between the donor and acceptor. The last term represents the coulomb
17
interaction between spatially separated donor and acceptor. The intrinsic defects can act as
donors and introduce deep levels in the bandgap.
Si codoping in GaN is also found to enhance the RE luminescence in GaN [9]. Eu and
Si codoped GaN thin films were investigated. Eu3+ photoluminescence emission at 622
nm was enhanced by approximately five to ten times with Si doping. Different Si codoping
affected the PL intensity and lifetime. Moderate Si doping lead to an increase in Eu3+
lifetime and enhanced PL intensity whereas high Si doping significantly quenches the PL
intensity and lifetime due to nonradiative channels produced by a high defect concentration.
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3 Selection rules and Excitation process
3.1 Brief selection rules for single electron case
As hydrogen atom is a single electron atom, selection rules for optical transitions can easily
be derived [58]. If the electronic states are represented by the principal quantum number
n and the orbital quantum number l, m and spin quantum number as s according to La-
porte selection rule for a transition the difference in principal quantum number between the
quantum levels should be ∆n = 0,±1,±2,±3... and so on however, the change in orbital
quantum number should be ∆l =±1, ∆m = 0,±1 [58].
The spectroscopic transitions between the states depend on whether the transition from
the initial state i to the final state f is allowed or forbidden however, the transition probability
of a particular spectral line can be calculated by following integrals which is known as the
Fermi’s golden rule which can be written as [58, 59]
Ti→ f =
2pi
h¯
|< f |Hem| i >|2 ρ
Where T is the transition probability, h is the planks constant, Hem is hamiltonian oper-
ator for electromagnetic radiation. ψi and ψ f are two atomic wave functions of hydrogen
atom. ρ is the density of states.
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Hem =
∫
ψ f Hemψidτ
3.1.1 Selection rules for multielectron system under various coupling
scheme
The selection rules give transition probability for all the possible transitions of a system
from the excited state to the lower state. Some transitions are allowed and some are for-
bidden according to the selection rules. Selection rules can be applied for electronic, vibra-
tional, and rotational transitions. We basically focused on the spectra belongs to electronic
transitions. In general, electric (charge) radiation or magnetic (magnetic moment) radiation
can be classified into multipoles i.e ED (electric dipole), MD (magnetic dipole), electric
quadrupole or electric octupole and so on. In such transitions the change in total angular
momentum between the initial and final states makes several such possible multipole radi-
ations. For example, ∆J = 0,±1 give rise to electric dipole transition, ∆J = 0,±1,±2 give
rise to electric quadrupole transitions etc. Usually the lowest-order multipoles dominate the
transitions [60, 61, 62, 63].
In such a consideration J=L+S is considered as the total angular momentum quantum
number, L is the orbital quantum number and S is the spin quantum number of the electron.
In heavy atoms interaction between total angular momentum between electrons give rise to
j-j coupling. According to the selection rule, during a electric dipole transition, the change
in total angular momentum must be ∆J = 0,±1 but the transition from J = 0→ 0 is not
allowed. Another important quantum number is the parity (pi) which needs to be inverted
during any electric dipole transitions, i.e pi f and −pii where pii and pi f can be denoted as
the parity of initial and final state of an electron respectively. However, in light atoms
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transition
Electric 
dipole
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0, 1J∆ = ±
If 0
0, 1
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S
L
L
∆ =
∆ = ±
= ↔
0, 1J∆ = ±
If 0
0
S
L
∆ =
∆ =
f iπ π= − f iπ π=
0 0(not possible)J = → 0 0(not possible)J = →
Table 3.1: selection rules for electric and magnetic dipole transition
electron spins interact to form a total spin angular momentum (S). Likewise, orbital angular
momenta form a total orbital angular momentum (L). The interaction between the quantum
numbers L and S is known as Russell–Saunders coupling or LS coupling. This S and
L coupling gives rise to form total angular momentum J. Selection rules for a particular
transition in L-S coupling impose some restrictions on the change of total orbital angular
momentum and the total spin angular momentum. For the L-S coupling ∆S= 0, ∆L= 0,±1
but L = 0→ 0 is not allowed. It is shown in table 3.1 [60, 61, 62, 63].
According to the Laporte rule in a centrosymmetric environment transitions between the
same atomic orbitals are forbidden. However, these transitions can be allowed if the center
of inversion change by certain crystal environment [62, 63, 64, 65, 66]. In a first order
approximation LS coupling model can be used for analysis of energy levels in RE ions
taking in to consideration of spin orbital Hamiltonian. The eigen functions obtained are
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then called intermediate-coupling wave functions [67]. An energy level scheme has been
reported by Dieke et al.[26].
3.1.2 Term symbol for energy levels in Europium (Eu) atom and its
electronic coupling scheme
The focus in this thesis is on the element Eu and the electronic states are described in the
following.
The electronic configuration of Eu3+ is [Xe]4f6. The term symbols have been used for
spectroscopic notation i.e 2S+1LJ . J represented as total angular momentum, L is repre-
sented as orbital angular momentum and S is the total spin angular momentum. The lowest
value of J is 0 and possible J values are from |L+S| to |L−S| i.e 6 to 0. Therefore L=3 and
the configuration of lowest energy is 7F0 with S=3, L=3, J=0. For configuration of higher J
such as 7F1, 7F2, 7F3, 7F4, 7F5 and 7F6 the energy increases.
Using the Hund’s rule, the lowest energy state can be evaluated as follows. It states
[60, 61, 62, 63]
• terms with highest multiplicity (2S+1) has lowest energy
• among various multiplicity the lowest energy state has the highest L (angular mo-
mentum)
• If the sub shell is less than half filled then the lowest J value has lowest energy and if
the sub shell is more than half filled then highest J has lowest energy.
For triply ionized Eu3+ there are 6 electrons in the 4f shell which would be com-
pletely filled with 14 electrons. Therefore the lowest J value would be the lowest in
energy. The maximum total spin will 6×1/2 =3, and the multiplicity is 2S+1=2*3+1=7.
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3.1.3 Selection rules for RE ion in a crystal environment
RE ions doped into solid host materials give the characteristic luminescence. As previ-
ously mentioned, the rare earth ions are characterized by an incompletely filled 4f orbital
which is shielded by the outer shells such as the filled 5s2 and 5p6 orbitals. As the host
lattice distort the centrosymmetric environment of RE ion, these transitions named as (1)
induce electric dipole transitions (ED) (2) magnetic dipole transitions (MD), and most weak
(3) electric quadrupole transitions (EQ) become partially allowed [62, 63]. These electric
dipole transitions are also referred as forced electric dipole transitions. Therefore to explain
the europium ion spectra the crystal field must be taken into consideration. The detailed
selection rules are explained elsewhere [62, 63]. Usually the emission spectra of RE ions
doped in various hosts show large numbers of narrow lines. Each small group of lines
corresponds to a transition between two 2S+1LJ free ion levels, where J is considered as
total angular momentum and S is considered as spin angular momentum as mentioned be-
fore. These transitions are restricted according the selection rules imposed by crystal field
symmetry.
The selection rules for induced ED transitions are ∆L=±1, ∆S= 0, Furthermore, J =0 to
J= 0 is forbidden because the total orbital momentum does not change. As mentioned before
according to the Laporte’s parity rule ED transitions in an RE ion are strictly forbidden. The
spin-orbit coupling can lift the spin selection rule. This can happen when some admixtures
of different spin states occur due to crystal field [62, 63]. Therefore, the spin selection
rule is relaxed and transitions are not strictly forbidden. The only allowed ED transitions
are those involving a change of parity: even to odd with the spin selection rule ∆S = 0 by
admixing of the states. If the RE ion is located at a site that is a center of symmetry in
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Table 3.2: Revised selection rules for electric and magnetic dipole transition
a crystal lattice, the odd crystal field terms are absent and the admixture can not lift the
selection rule. When RE is located at a site where there is no inversion symmetry, the
odd crystal field components will mix with opposite parity states into the 4fn levels. Thus
the transitions become allowed. The revised selection rules for RE ions are well described
somewhere else [62, 63]. According to the revised selection rules the conditions are given
in table 3.2.
In an electrostatic crystal field, the (2J+1) fold degeneracy of the free ion levels is partially
lifted. The wave functions of opposite parity mixed to the crystal field levels which allow
the electric dipole transitions. If the energy levels and the selection rules for a particular
transitions between these levels known then the crystal field symmetry at the RE3+ site can
be approximately determined [68].
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3.2 Symmetry determination using europium (Eu3+) spectra
The spectra of lanthanide ions in host crystals can be explained on the basis of the point
group of the lanthanide site. Using the selection rules it is possible to discriminate between
different point groups. The trivalent europium has an advantage of non degenerate ground
state 7F0. Using the selection rules all the non centro symmetric point group can be ana-
lyzed. The centro symmetric point group can not be analyzed because there is no induced
electric dipole transition opposite pairity mixing. The non centrosymmetric point groups
are respectively D6h, D3, C6v, C6, D3h, C3h, C3v, C3, D3, D4, C4v, C4, S4, D2d , D2, C2v,
C2, Cs and C1. When a free ion is located in a crystalline host its spherical symmetry
is broken and 2J+1 degeneracy of 2S+1LJ multiplet is partially or completely lifted. The
multiplets may be split in to number of crystal field levels.
Figure 3.1 is a site symmetry determination scheme using Eu3+ spectra used by several
groups such as Guohua et al. [59], Binnemans et al[68] etc.
Among all the transitions the 5D0 to 7F2 and the 5D0 to 7F1 transitions are referred
as hypersensitive electric-dipole (ED) and magnetic-dipole (MD) transitions, respectively
[69, 70, 71]. When the Eu3+ ion is located at a certain center of symmetry, ED transi-
tions between the 4f levels are strictly forbidden by the Laporte selection rule however, the
MD transitions are allowed [70]. So, the intensity of the ED transition is strongly depen-
dent upon the local symmetry environment around the Eu3+ ion, while the intensity of MD
transition is comparatively unaffected by this local environment. Accordingly, the intensity
ratio of ED to MD transition is known as the asymmetry ratio (R). This value would be zero
when the Eu ion is at a center of an ideal symmetry, but could be quite large for distorted
local environment. This ratio is a measure of the degree of distortion of the inversion sym-
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Figure 3.1: Scheme for point group determination based on Eu3+transition. The weak tran-
sitions are not included here. [59]
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metry of the Eu3+ ion site in the host lattice [69, 70, 71, 72, 13]. The asymmetry ratio of
the 1.8 at percent (Eu concentration) Eu-doped GaN films is found to be 3.3 [71], Tanaka
et al. [13] found the ratio as 12.4. For oxide material host this ratio found to be 12.8 for
Y2O2S:Eu and 6.6 for Y2O3:Eu [13]. This large ratio indicates significant amount of distor-
tion of the inversion symmetry of the Eu3+ lattice sites. It has been reported that the Eu3+
ion is incorporated into the wurtzite GaN host by substitution on the Ga sublattice, which is
a C3v symmetry [70].
3.3 Site multiplicity of Eu3+ emission
The Eu3+ ion is found optically active in association with neighboring intrinsic or induced
defects. These complexes created a family of such optically active sites according to the
crystal environment. Eu3+ emission involves many such centers or optical active sites in a
certain hosts [73, 74, 75]. Theoretical investigation [76] found various defect complexes.
Rare earth ions show a strong preference for the Ga-lattice site, either as isolated substitu-
tional or to form complexes with intrinsic defects. The complex formed by REGa substitu-
tionals and vacancies or interstitials lower the symmetry and distort the local environment.
For p-type GaN, the REGaVN complex forms the most stable configuration and for n-type
GaN REGaVGa complex forms a more stable pair [76]. REGa is the substitutional rare earth
ion n Gallium place, VN is the nirogen vacancy and VGa is the Gallium vacancy. Such a
family of complex sites leads to site multiplicity which is a common feature in many solid
hosts. The best way to estimate the number of sites is to carefully observe the 5D0 to 7F0
transitions since there is no fine-structure splitting. The number of peaks in this transition
range (2.10 eV) should be the number of sites in that particular host [73]. Various studies
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have been performed to discriminate between the different sites. Photoluminescence exci-
tation spectroscopy [14], combined emission and excitation spectroscopy [77] are methods
for identification of different optical active sites. Another important way which we have
followed to find out the different sites is to observe the temperature dependency of photo-
luminescence intensity of each individual peak for a particular transition. The temperature
dependency of photoluminescence intensity of each individual peak of the same transitions
should be the same and different for other optical active sites.
3.4 Excitation process
The excitation process of Eu3+ is a very complicated process. The various possible pro-
cesses are described in the following sections.
3.4.1 Rare earth Impurities in Nitrides: isoelectronic trap
The isoelectronic impurities in semiconductors are termed as simple or structured impurities
depending on the impurity states they introduce in the band gap [78]. The simple impurities
introduce effective-mass like energy states into the crystal, in contrast to the structured
impurities such as rare earth ions and transition metals introduce many-electron energy
states. The structure arises due to the intra atomic transition of transition metals or rare earth
metals (RE). RE ions are very chemically active so they can form more complex centers
with other impurities related to implantation, in situ doping or with the native defects. RE
impurities normally introduce localized electronic states in the semiconductor hosts, namely
4f-like states. These states are localized within the core of RE and not being involved in
chemical bonding as they are shielded by outer electrons.
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Rare earth doped semiconductor has been extensively investigated in recent past. Ini-
tially it was observed that small band gap semiconductors are not suitable as host at higher
temperatures. For example, the quenching of erbium luminescence in silicon is quite high
at room temperature [79, 80]. In contrast wide band gap semiconductor are more promising
as the host material as RE luminescence do not quench significantly at room temperature.
Optical properties of rare earth ions are slightly dependent on the nature of the crystal hosts
as well as on temperature. Since the 4f electrons are responsible for luminescence, its prop-
erties (spectral position, energy levels etc) are similar as it were free ion [78].
Lozykowski et al. [78] discussed a energy transfer model and recombination process
from host to RE ion. Triply charged rare-earth ions act as structured isoelectronic traps
in III-V semiconductors. These rare earth ions replace the group III elements. They form
trap-like states in the band gap and capture electrons or holes. It is known that the outer
electron shells for rare earth ions have the form (5s2 5p6). The Pauli electro negativities
for rare earth ions are lower than that for Ga (1.81) and is in the range from 1.1 to 1.25.
Most of the rare earth ions are substitutional impurities, however they are not necessarily be
pure substitutional. They can combine with native defects or located in the interstitial sites
[81]. According to Thomas [82], these isoelectronic impurities in the semiconductor hosts
can bound an electron or hole. The primary factors for binding potential are the electro
negativities and the ionic radii between the impurity and the host ion which it replaces [81].
The formation of the bonding potential for isovalent traps may arise due to other mechanism
as well [83], namely, spin orbital interaction and deformation fields in the neighborhood
of the impurity. The bonding potential form by this disturbing arrangements can capture
electrons or holes which subsequently form an exciton.
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The energy transfer takes place from the localized state in the forbidden gap and the
localized core state of rare earth impurities. There are several possible mechanism are
proposed [78, 84]. First the electron/hole captured by the isoelectronic traps. Secondly,
the isoelectronic trap capture another opposite charge carrier subsequently form an bound
exciton. Then these excitons recombine and subsequently transfer their energy to the core
electrons of the isoelectronic trap. To transfer energy the initial state and final state must be
resonant otherwise excess energy distributed as phonon. As 4f core electrons are involved
so the phonon coupling is very small [78].
3.4.2 Charge transfer state
It has been reported [13, 85] that the charge transfer state (CTS) of Eu3+ could be an im-
portant way in transferring energy from host to RE ion. The charge transfer state (CTS) of
Eu3+ is a Eu2+ ion bound to a hole as following.
Eu3+→ Eu2++h
The charge-transfer state of Eu3+ can be considered as a kind of defect related trap states
as it act as as an impurity bound exciton. The electron hole pair produced after the op-
tical excitation relaxes to the charge transfer state of Eu3+, where the electron is trapped
by Eu3+ and as the hole is bound to Eu2+, the electron hole recombination energy sub-
sequently transfer energy to excite Eu3+ and then it emits luminescence through the inner
4f transitions. In GaN charge-transfer state of Eu3+ found to be at low energy position
compared to oxide hosts such as Y2O2S and Y2O3 [13, 14, 72].
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3.4.3 Donor-acceptor pair related energy transfer to Eu
We propose a donor-acceptor pair related energy transfer to Eu3+ ion from Mg doped p-type
GaN host. The detail discussion of the model is given in chapter five.
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4 Experimental details:
4.1 Sample growth
Various samples (u-GaN, p-GaN, AlGaN, p-AlGaN, n-AlGaN, AlN) were grown in a low
pressure metal–organic vapor phase epitaxy (LP-MOVPE) system with a horizontal reactor
(Aixtron AIX 200RF). The samples having thicknesses of 1-2 µm were grown at a tempera-
ture of≥ 11000 C and a pressure of 100 mbar. We have used c-plane sapphire or c-plane 6H-
SiC as substrate. Samples were grown with different doping type and concentration. In all
cases magnesium was used for p-type doping and silicon for n-type doping. The precursors
used were trimethylgallium (TMGa), triethylgallium (TEGa), trimethylaluminum (TMAl),
trimethylindium (TMIn), ammonia (NH3), bis(cyclopentadienyl)magnesium (Cp2Mg) and
Silane (SiH4) for Ga, Al, In, N, Mg and Si respectively.
4.2 Ion implantation and annealing
Different kind of rare earth ions (Ce, Eu, Er) and transition metals (Cr, Ni, Co) were im-
planted on thin layers of u-GaN, p-GaN, AlGaN, p-AlGaN, n-AlGaN and AlN. Focussed
ion beam was used for implantation. Ions were implanted with doses in the range of 108
cm−2 - 1014 cm−2 at energy 100 keV or 200 keV at room temperature. The implanatation
angle was chosen to be normal to the surface of the sample. A schematics of focussed ion
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beam is shown in figre 4.1. Implantation was done at Ruhr Universität, Bochum, Germany.
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Figure 4.1: Schematics of focussed ion beam
The sources for the ions are usually liquid metal ion sources (LIMS). The liquid metal
ion sources are AuEuSi, AuCeSi, AuErSi, AuBGeNi, AuCrGr and AuCoGe for Eu, Ce, Er,
Ni, Cr and Co respectively. Magnetic field was applied to separate the ions and electric field
was applied to accelarate the ions to higher energies. Ions are implanted within an area of
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200µm x 200µm. A typical implantation plan is shown in figure 4.2.
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Figure 4.2: A typical image of implantation plan on GaN sample with 1 cm x 1 cm size. To
find the implanted area the marker was put above the sample.
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During implantation the crystal structure of the samples is damaged due to collision of
energetic ions with the host atoms. To reduce the implantation damage the implanted sam-
ples were annealed at 10500C in nitrogen atmosphere (1 bar) for 5 minutes by rapid thermal
annealing (RTA). In RTA a carbon container was used for annealing. Annealing was done
by infrared lamps. Temperature in the container is controlled by a pyrometer and a thermo-
couple. The thermocouple is mounted on the bottom of the container close to the sample
where measurement of the temperature was done by a pyrometer. Annealing was done in
N2 atmosphere (1 bar) to reduce the evaporation of nitrogen from the sample during the
high temperature annealing.
4.3 Sample preparation
Samples are cleaned by some chemical reagents like aceton, methanol and deionised water.
After cleaning the samples are mounted on the sample holder by a glue which can act as an
adhesive even in 15 K. The sample holder along with the samples is then mounted on the
cryostat.
4.3.1 Cryostat-I
The cryostat is used for cooling the sample down to 4 K using liquid helium which is
composed of two co-axial cylindrical chambers. One chamber contains liquid helium on the
other hand another chamber contains liquid nitrogen. The space between the two chambers
remains evacuated by a turbo molecular pump for all the time down to less than 10−5
mbar. First liquid nitrogen is transferred into the nitrogen chamber and then liquid helium
is transferred into the helium chamber by the help of a helium bridge. The helium bridge is
a hollow cylindrical rod having a vacuum spacer inside it. The helium is being transfered
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when there is equilibrium in pressure maintained between the helium can and the helium
chamber of the cryostat. The figure 4.3 shows the schematics of the cryostat. Four windows
are built in the cryostat. Through one window the laser line is incident on to the sample and
through another window the emission from the sample is collected by the CCD. Using other
windows, the sample can be adjusted to the right position. This type of cryostat basically
associated with the He-Cd laser and Nd:VYO4 laser system
He-chamber
N-chamber
Vaccum
Sample
Figure 4.3: schematics of cryostat
4.3.2 Cryostat-II
The cryostat is used for cooling the sample down to 15 K using liquid helium which is
composed of one cylindrical type of chamber. The chamber is made vaccum by a turbo
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pump. There is a helium tube which sorrouned the sample holder. Helium is made to fill in
the tube by the help of a helium bridge. The helium bridge is a hollow cylindrical rod having
a vacuum spacer inside it. The helium is being transfered from the can using a He-pump.
The figure 4.4 shows the schematics of the cryostat. This is associated with the Ar-ion laser
system.
He-Pump
Samples
Turbo pump
He-supply
Temp-controller He-bridge
Figure 4.4: schematics of cryostat
4.3.3 Temperature controller
A thermocouple and a heater are connected to the sample holder. A temperature con-
troller (LakeShore 330) was connected to the thermocouple and heater. Using the tem-
perature controller one can control the temperature very near to the sample by optimizing
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the P(Propotional)I(Integral)D(Derivative) parameters.
4.4 Spectroscopic technique
The photoluminescence experiments are carried out by using different kinds of laser sys-
tems. A detail sketch of the photoluminescence setup using an Ar-ion laser is shown in
figure 4.5. The samples are placed in the cryostat. Mirrors, diverging lens and focussing
lens are used to redirect and focus the laser light on the sample. The minimum beam di-
ameter is approximately 50 µm. The laser light hits the sample through a cryostat window.
The light emission from the sample is focused on the entrance slit of a monochromator and
a Jobin-Yvon monochromator with CCD detector system (0.32 m focal length grating 600
lines/mm). The spectral resolution of the system is about 0.2 nm. A computer is connected
to the CCD controller is taking the data. All the spectra were calibrated by using a Ne lamp.
The figure 4.6 shows a picture of this PL setup.
40
monochromator
cryostat and sample
computer
Ar-ion laser
Filter
photodiode
Figure 4.5: experimental setup for photoluminescence measurement
4.4.1 Ar-ion laser
The Ar-ion laser is an electrically pumped laser and it is cooled by water. The laser sys-
tem operates at various laser lines for example 380 nm, 365 nm, 350 nm and 335 nm with
variable excitation power density. Most experiments using the Ar-laser were done in com-
bination with a Jobin-Yvon monochromator with CCD detector system (0.32 m focal length
grating 600 lines/mm). The spectral resolution of the system is about 0.2 nm. A photodiode
is installed to measure the laser power density and a filter is used in front of the laser head
to block the unintentional laser emission.
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Figure 4.6: picture of Ar ion laser setup
4.4.2 He-Cd and Nd:VYO4 (vanadate) laser
He-Cd laser is a metal vapour kind of laser which is electrically pumped. The wavelength
of He-Cd laser from Kimmon series is 325 nm with a power of 4 mW. Moreover another
solid state laser system called Nd:VYO4 (Nd:vandate) laser from Coherent was used as
well. This laser system was pumped by a diode laser. This laser emission is 1064 nm which
is frequency doubled by a LBO (Lithium triborate (LiB3O5)) crystal to 532 nm. A resonant
frequency doubling unit called monolithic block doubler (MBD) was installed to further
doubling the frequency to 266 nm. The excitation power obtained was nearly 200 mW. The
figure4.7 shows the image of Nd:vandate laser and He Cd laser.
4.4.3 Monochromator
A double monochromator spectrometer (spex 1404) was set up for detection of the emission
from the samples in connection with the HeCd laser and the Nd:vanadate laser system. A
nitrogen gas cooled CCD was fixed on the monochromator to detect the signal. The grating
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Figure 4.7: picture of He-Cd laser and Nd:vandate laser setup
used for this monochromator was 150 lines/mm. The spectral resolution of the system is
about 0.8 nm.
4.5 SRIM simulation
SRIM is an abbreviation for the simulation software The Stopping and Range of Ions in Mat-
ter [86]. Simulation was made to determine the projection range of rare earth ions inside the
nitride material after implantation by a focused ion beam. The energy of implanted ions are
varying from 100 keV to 300 keV. From the simulation we found the maximum concentra-
tion of Eu ions as 1019/cm3 with a projected range of 23 nm with a dose of 1014/cm2. Using
SRIM we determine the defect concentration due to the rare earth ion collision. In figure
4.7 and 4.8 the distribution of europium ions in GaN and AlGaN along with the vacancies
created by europium ions and recoil atoms is shown respectively.
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Figure 4.8: SRIM simulation of europium ion with 100 keV energy into GaN
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Figure 4.9: SRIM simulation of europium ion with 100 keV energy in to AlGaN
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5 Results
5.1 Photoluminescence of Eu3+ in Mg-doped GaN:Eu
5.1.1 Identification of europium optical active centers
Figure 5.1 shows a typical Eu3+ photoluminescence spectrum for Mg-doped GaN:Eu in the
spectral region of the peaks with highest intensity. The sample is excited by above band gap
excitation of GaN at 335 nm at 15 K.
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Figure 5.1: Eu3+ luminescence in Mg-doped GaN:Eu excited by above band gap excitation
(335) nm at 15 K.
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Figure 5.2: Eu3+ luminescence in Mg-doped GaN:Eu under above band gap excitation (335
nm) at 15 K. The spectrum is composed of about twenty peaks (numbered as
1, 2, 3 and so on) which are assigned as the transition from different excited
states to different ground states. The most prominent peaks come out from the
transition 5D0 to 7F2, which is composed of 5 lines numbered as 4, 5, 6, 7 and
8.
In figure 5.2 background luminescence which arises due to the so-called blue band in
GaN [52] is subtracted. Many peaks are found in the whole spectrum. For convenience
we denote them as 1, 2, 3 and so on. These peaks are very sharp having a FHWM of
approximately 0.9 to 1.8 meV as shown in figure 5.3. Among all, the peaks 4, 5, 6, 7 and 8
have maximum intensity.
In figure 5.4 smaller peaks (peaks number 9 to 21) are clearly visible. All these peaks
are due to electronic transitions involving the europium inner 4f orbital. These peaks are
assigned according to their respective transitions comparing the spectra to earlier reports
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Figure 5.3: FWHM of various peaks of Eu3+ luminescence in Mg-doped GaN:Eu in Mg
doped GaN:Eu under above band gap excitation (335 nm) at 15 K.
[68, 70, 73]. Dieke et al. [68] were the first to report the free Eu3+ ion energy level scheme.
Afterwards, several authors have also investigated Eu3+ energy levels in different solid
hosts [70, 73]. For example, Gruber et al. [70] have investigated Eu3+ luminescence in
an AlN host and discussed the transitions as a consequence of split and shifted states due
to the symmetry reduction by the crystal field for Eu3+ on an ideal Al substitutional site.
Comparing their Eu3+ spectra in AlN to ours in Mg-doped GaN:Eu samples it is found that
the spectra are very similar in shape and the peaks 4, 5 and 6 are shifted by about 7 meV
towards higher energy. However, the shift is not rigid. Other peaks exhibit a smaller shift.
This may be a consequence of the different lattice and the different conditions for sample
preparation. Moreover, in comparison to Eu3+ in GaN in an another study [73], the shift of
the corresponding peaks in our samples is only 0.3 meV.
Based on the assignment most peaks can be explained by transitions from the excited
levels 5D1, 5D0 to the lower states 7FJ (J=0, 1, 2, 3 and 4). Peaks 1, 2 and 3 are in the
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Figure 5.4: A enlarged version of photoluminescence spectrum of Mg-doped GaN:Eu in
figure 5.2 for clarity of the smaller peaks numbered from 9 to 21.
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Figure 5.5: Schematic diagram of Eu3+ energy level scheme in GaN. The energy levels are
corresponding to free ion energy levels [68, 70, 90].
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range of the transition 5D0 to 7F2. Peaks 4, 5, 6, 7 and 8, the most intense lines, have
the position found at 1.991(0) eV, 1.993(8) eV, 1.996(6) eV, 1.999(0) eV and 2.0031(4) eV
respectively. These peaks are also in the range of the 5D0 to 7F2 transition. The degeneracy
of the 7F2 level of this transition is partially lifted and three lines are expected for the 5D0 to
7F2 transition if Eu3+ would be located in a C3v symmetry site [87]. In case of a complete
lifting of degeneracy there are five (2J+1) sub levels. But the five peaks (4, 5, 6, 7 and 8)
observed in this transition range are unlikely to arise from a single optical center for reasons
discussed later.
Peaks 9 and 10 are in the range of the transition 5D0 to 7F1. Peaks 12, 13, 14 and 15
are transitions from 5D1 to 7F3. Peaks 16, 17 and 18 are in the transition range of 5D0
to 7F0. This transition is typically forbidden for Eu3+ in a C3v symmetry [73]. Several
authors [7, 74, 88, 89, 90] have reported that multiple peaks from this transition confirm
the presence of different Eu3+ centers. Three significant peaks are found in this transition
range which indicates that three centers are responsible for emission of the whole spectrum,
as described later. Peaks 19 and 20 are in the range of 5D1 to 7F2 transition. Peak 21 is
in the range of the transition 5D1 to 7F1. An energy level scheme indicating all possible
transitions of Eu3+ ion is shown in figure 5.5 [68, 70, 90].
In figures 5.6 and 5.7 the temperature dependent intensity of all the peaks originating
from the excited levels (5D0, 5D1) are shown. The peaks have been normalized to their
maximum intensity. As shown in figure 5.6, the intensities of peaks 1, 4, 5 and 10 remain
constant up to 150 K and then decreases towards room temperature. For a particular optical
center, the intensity of a transition from the same excited energy level must have the same
temperature dependence. So the temperature dependence of the peak intensities (1, 4 and
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5), which are due to the transition from the same excited state, must be the same. Moreover,
temperature dependence of the transitions belong to same optical center should also be
identical if they originate from the same optical center. So peak 10 which arises due to a
different excited level has a similar temperature dependency as it emerges from the same
optical center. Based on these facts, it is concluded that these peaks (1, 4, 5 and 10) are
likely belonging to the same optical center which is assigned as type I center.
Moreover the intensities of peak 8 remain constant with respect to temperature, shown
in figure 5.7. This peak could originate from a center discussed later assigned as type III
center.
In figure 5.8 the 5D0 to 7F0 transition for Eu3+ spectra in Mg-doped GaN:Eu at 15 K
is shown. Three peaks (16, 17, 18) in this transition range are found. The corresponding
peak positions are 2.104(9) eV (type I), 2.106(5) eV (type II) and 2.112(4) eV (type III)
respectively. This transition can not be split by the crystal field due to its J=0. Therefore,
the number of peaks in this transition give an indication for the same number of optically
active europium centers in that particular host material [88, 89]. Observation of three peaks
indicates that there are three optically active centers present in Mg-doped GaN:Eu. Along
with the three significant peaks there is a shoulder (peak 17a) present in this transition range
of 5D0 to 7F0. This could be a different optical center, however the peaks belongs to this
center could not be detected.
Gruber et al. [70] article was taking into consideration to determine the peak position
and possible optical centers. They assigned peaks as transitions from possible energy levels.
Even though they have used AlN host material the comparison of difference between the
peak positions in their samples and our samples should be similar. In the table 5.1 the
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Figure 5.6: Temperature-dependent intensities for peaks 1, 4, 5 and 10 of Eu3+ in Mg-
doped GaN:Eu by above band gap excitation. The intensities remain constant
up to 150 K, then decrease toward room temperature. The peaks which have
this kind of temperature dependency are belonging to one particular europium
optical center, called as type I center.
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Figure 5.7: Temperature-dependent intensities for the peak 8 of Eu3+ in Mg-doped GaN:Eu
by above band gap excitation. The intensities are constant with respect to tem-
perature. These peaks must belong to a different center named as type III center.
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difference of peak position from the corresponding peaks of their sample and in our samples
was calculated. There is small differences in the values may be due to the different host
material AlN which may induce a different crystal field at the europium ion site. It is clear
from the these difference that peaks 1, 4, 5 and 10 belongs to one optical center named as
type I center. Peaks 1, 4 and 5 are belonging to the transitions from 5D0 to 7F2 for this
center. From the temperature dependent photo luminescence measurement it is also found
that the intensity of these peaks varies in the same way. In addition, three peaks from this
transition also indicate a C3v symmetry site for europium ion [87]. Peak 5 and peak 6 may
have contributions from other centers as reported by Woodward et al. [91]. So it is not
possible to differentiate these peaks. Peak 7 and peak 8 do not match in to any energy levels
of previous literatures [68, 70]. These peaks could be originated from different centers (type
II or type III) or different transitions. However, energy difference between peak 4 and peak
16 is 114 meV, and that of peak 8 and 18 is 109 meV. For this reason peak 8 might belong
to the type III center. Moreover, the peak 7 and peak 8 can not be considered as a doublet
similar to peak 4 and peak 5. Because the energy difference between the peak 4 and 5 is 2.8
meV on the other hand difference between peak 7 and 8 is 4.2 meV. So peak 7 is must not
belongs to type III center rather, it would be an different optical center. One peak for type
III center is very unlikely for a C3v symmetry site. Other peaks belong to this center peak 8
are not been observed clearly in the spectrum. They might be mix with other peaks.
Excitation power dependent photoluminescence intensities at 15 K for each peaks belong
to all the above mentioned centers have been investigated and is plotted in figures 5.9 and
5.10. For the peaks of type I center the slope is found to be 0.5 as in figure 5.9, whereas
for the peaks of type III center the intensities are saturating at higher excitation power as in
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peak energy difference (eV)
Difference in peak number p-GaN:Eu (measurement) Gruber et al.
1-4 0.03682 0.03528
4-5 0.00289 0.0017
5-10 0.068 0.070
10-16 0.0426 0.048
Table 5.1: difference in peak position with Gruber et al.[70] paper
figure 5.10. A possible excitation mechanism of these centers is based on a donor-acceptor
pair-related resonant energy transfer which is described later in section 5.4.1.
53
2 . 1 0 5 2 . 1 1 0 2 . 1 1 5
1 2 0 0
1 3 0 0
1 4 0 0
1 5 0 0 t y p e  ΙΙΙ
 
 
Inte
nsit
y (a
rb.u
.)
E n e r g y  ( e V )
M g  d o p e d - G a N : E u
λ e x = 3 3 5 n m ,  1 0 m W ,  1 5 K
t y p e  Ι
5 D 0  t o  7 F 0
1 6
1 7
1 8
1 7 a
Figure 5.8: 5D0 to 7F0 transition spectrum of Eu3+ in Mg-doped GaN:Eu at 15 K by above
band gap excitation. Three prominent peaks are observed along with a shoulder.
Three peaks indicates the presence of three different optical centers. In addition,
there is a very small shoulder like peak present near the peak corresponds to type
II center. Luminescence due this center might be mixed with others and difficult
to distinguish.
In figure 5.11 and figure 5.12 the temperature and excitation power dependent Eu3+ lumi-
nescence intensity for several peaks is shown for below band gap excitation. The intensities
of all the peaks remain constant with respect to temperature and increase linearly with the
excitation power. From the detailed discussion in the later part it turns out that by below-gap
excitation back transfer from Eu3+ does not take place and the excitation process depends
on the distribution of donor-acceptor pairs around the europium ion. In figure 5.12, all the
peak intensities of Eu3+ ion are plotted against excitation power. All the peaks increase lin-
early with the excitation power by below-gap excitation. From the detailed discussion in the
later part it turns out that by below band gap excitation the donor-acceptor pairs dominate
the energy transfer process.
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Figure 5.9: Excitation power-dependent intensities of the peaks 1, 4, 5, 9 and 10 (type I
center). These peaks have square root dependence of their intensities with exci-
tation power.
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Figure 5.10: Excitation power dependent intensities of the peak 8 (type III center). The
intensities are saturated at higher excitation power.
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Figure 5.11: Temperature-dependent photo luminescence intensity of peaks 4, 5, 6 and 7
Eu3+ by below band gap excitation (380 nm). The intensities found to be
constant at all temperature giving rise to a purely radiative Eu3+ emission.
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Figure 5.12: Excitation power dependent Eu3+ photoluminescence intensity of peaks 4, 5,
6 and 7 by below band gap excitation in Mg-doped GaN:Eu. The intensities
are linearly increasing with excitation power.
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5.1.2 Comparison with undoped GaN:Eu
A comparison is made for the 5D0 to 7F2 transition of Eu3+ spectra in Mg-doped GaN:Eu
with that in undoped GaN:Eu in figure 5.13. The background luminescence was subtracted
as before. We found the most intense luminescence peaks (4, 5, 6 and 7) in Mg-doped
GaN:Eu are about three to seven times higher than in undoped GaN:Eu, depending on the
Mg concentrations. In undoped GaN:Eu only three peaks (4, 5 and 6) are found in the range
of the 5D0 to 7F2 transition.
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Figure 5.13: Comparison of Eu3+ spectra in undoped GaN:Eu and Mg doped-GaN:Eu at
15 K by above band gap excitation. More number of peaks are observed in
Mg-doped GaN:Eu. Peaks 7 and 8 are not present in case of undoped GaN:Eu.
To detect which center they belong to we performed temperature dependent photolumi-
nescence. In figure 5.14 the temperature dependent intensities of peaks 4 and 5 in undoped
GaN:Eu is shown along with the same peaks of Eu3+ in Mg-doped GaN:Eu. The peak
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intensities were normalized to their respective maximum intensities. We observed no sat-
uration in intensities in the temperature range from 15 K to 150 K unlike in Mg-doped
GaN:Eu. However, there is a similar trend in intensities found for both the peaks 4 and 5.
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Figure 5.14: A comparison of temperature dependent normalized intensities of peaks 4 and
5 of Eu3+ spectra in undoped GaN:Eu and Mg doped-GaN:Eu by above-gap
excitation. There is no saturation region in case of undoped GaN:Eu which
indicates that Mg reduces the nonradiative centers in the temperature range 15
K to 150 K.
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Figure 5.15: A comparison of temperature-dependent normalized photoluminescence inten-
sity of peak 6 of Eu3+ spectra in u-GaN:Eu and Mg-doped GaN:Eu by above
band gap excitation. The intensities are varies in a same way with respect to
temperature.
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This could be due to the reduction of nonradiative center on Mg doping. This confirms
that peaks 4 and 5 are from the same optical center. Moreover, the intensity of peak 6
in undoped and Mg-doped GaN:Eu has a very similar trend with temperature as in figure
5.15. The origin of peak 6 is unclear as it is discussed earlier section. In undoped GaN:Eu,
no such peak was found which can essentially correlate to the type III center in Mg-doped
GaN:Eu. So only two types of Eu centers are present in undoped GaN:Eu, which is in
agreement with the observations by O’Donnell et al. [74].
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5.1.3 Donor-Acceptor pair (DAP) Transition in Mg-doped GaN:Eu
Donor-acceptor pairs are playing a significant role in europium excitation. Donor-acceptor
pair transitions in implanted and non implanted region have been investigated. The photo-
luminescence spectrum in both regions are shown in figure 5.16. The intensity of DAP
transition is higher in non implanted region compared to the intensity in implanted region
which could mean that the energy transfer takes place from donor-acceptor pair to europium
ion.
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Figure 5.16: Photo-luminescence of DAP transition in Mg-doped GaN:Eu excited by 335
nm at room temperature. The spectra has taken on both implanted and non-
implanted position. In the inset the Eu3+ luminescence in the implanted region
is shown.
5.1.4 Donor-acceptor pair related energy transfer process to europium
The energy transfer from GaN to Eu3+ is a complex process. Several authors have tried
to explain the excitation process of Eu3+ in different host matrices [12, 13, 14]. However,
there is no complete model available in the previous literature explaining the energy transfer
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mechanism from GaN to europium ions. For example, Palm et al. [36] reported a possible
energy transfer mechanism in Er-doped Si. They assume that excitation of Er3+ takes place
by a carrier-mediated Auger excitation process. They have observed a saturation of the Er3+
intensity at higher excitation power, where saturation is also observed at high excitation
power but only for the peaks belong to type III center. An excitation transfer process of
Eu3+ in Mg-doped GaN:Eu based on donor-acceptor pair (DAP) related resonant energy
transfer is proposed here. The detail discussion of the model by above band gap and below
band gap excitation is discussed in the subsequent sections.
5.1.4.1 Above band gap excitation
D
A
A
A
A
A
A
A
A
A
A
A
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Eu
Eu
Eu
Eu
Figure 5.17: Schematics of resonant energy transfer mechanism from donor-acceptor to eu-
ropium ion.
The figure 5.17 and 5.18 depicts the details of energy transfer process from GaN to Eu3+
ion. Here G is considered as the carrier generation rate, IEu is europium intensity (photon
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Figure 5.18: Schematic of a proposed energy transfer model by above band gap excitation.
Under optical excitation neutral donor-acceptor pairs are formed. Those pairs
which are at the right distance from the europium ion to transfer energy reso-
nantly are undergoing transition. Throughout the transition they can excite the
europium ions to give rise the red luminescence.
flux per second). n and p are the electron and hole densities respectively. n0 and p0 are
density of thermally excited electrons and holes, respectively. ∆n and ∆p are the density
of optically excited electrons and holes, respectively. Nd and N0d are the concentrations of
donors and neutral donors, respectively, NEu and N∗Eu are the concentrations of total eu-
ropium ions and excited europium ions respectively. Na and N0a are the density of acceptors
and neutral acceptors which are not participating in europium excitation. N00d is the density
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of thermally excited neutral donors. N00a,Eu and N
00
a,no are thermally excited europium re-
lated and non related neutral acceptors respectively. ∆N0d and ∆N
0
a are the optically excited
donors and acceptors respectively. τnr is the lifetime of nonradiative band to band transi-
tion. τrad is the radiative life time of Eu3+ luminescence. N+d and N
−
a are the concentration
of ionized donor and acceptors respectively. cn, cp, en and ep are the capture and emission
coefficients of electron and hole respectively. D and E are the transition coefficients for
the transition from neutral donor to europium related and europium nonrelated acceptors
respectively. Based on the proposed mechanism the rate equations has been formulated as
follows
d∆n
dt
= G− ∆n
τnr
− cn∆nN+d + en∆N0d (5.1)
d∆p
dt
= G− ∆p
τnr
− cp∆pN+a + ep∆N0a (5.2)
d∆N0d
dt
= cn∆nN+d − ep∆N0a −D∆N0d N0a N0Eu−E ∆N0d N0a (5.3)
d∆N0a
dt
= cp∆pN+a − ep∆N0a −D∆N0d N0a N0Eu−E ∆N0d N0a (5.4)
dN∗Eu,a
dt
= D∆N0d N
0
a (NEu−N∗Eu)−
N∗Eu,a
τrad
(5.5)
IEu =
N∗Eu,a
τrad
(5.6)
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N0d = N
00
d +∆N
0
d = ∆N
0
d (5.7)
N0a,Eu = N
00
a,Eu +∆N
0
a,Eu (5.8)
N0a,no = N
00
a,no +∆N
0
a,no (5.9)
at steady state condition all the rates will vanish along with
∆n
τnr
=
∆p
τnr
= 0 (5.10)
Then from equation ( 5.1)
G = cn∆nN+d − en∆N0d (5.11)
Putting this value in equation 5.3 we get
cn∆nN+d − ep∆N0a −D∆N0d N0a N0Eu−E ∆N0d N0a = 0 (5.12)
From equation ( 5.5)
IEu = D∆N0d N
0
a (NEu−N∗Eu) (5.13)
Now
G− IEu−E ∆N0d N0a = 0 (5.14)
⇒ G− IEu−E ∆N0d
(
N00a +∆N
0
a
)
= 0 (5.15)
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if the optically excited acceptors are very large compared to thermally excited acceptors
then,
∆N0a >> N0a and ∆N0a = ∆N0d then
G− IEu−E ∆N0d ∆N0d = 0 (5.16)
if the europium intensity is very less in comparison to DAP transition arise due to those
donor-acceptor pairs which are not exciting europium ions then, IEu << E∆N0d∆N
0
a which
leads to
G = E ∆N0d ∆N
0
d (5.17)
⇒ ∆N0d =
√
G
E
(5.18)
From equation( 5.13)
IEu = D∆N0d N
0
a (NEu−N∗Eu) (5.19)
⇒ IEu = D∆N0d
(
N00a +∆N
0
a
)
(NEu−N∗Eu) (5.20)
if we assume during europium excitation the optically excited acceptors are very less
compared to thermally excited acceptors,
N00a >> ∆N0a
then putting the value of ∆N0d from equation 5.18 we obtain
IEu = D
√
G
E
N00a (NEu−N∗Eu) (5.21)
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from equation ( 5.6) we get
IEu =
N∗
Eu
τrad
⇒ N∗
Eu
= IEuτrad (5.22)
⇒ IEu = D
√
G
E N
00
a NEu−D
√
G
E N
00
a IEu τrad
⇒ IEu
(
1+DN00a τrad
√
G
E
)
= D
√
G
E N
00
a NEu
IEu =
D
√
G
E N
00
a NEu(
1+DN00a τrad
√
G
E
) (5.23)
G can be written in terms laser excitation power density as follows
G =C P (5.24)
where C is a constant and P laser power, then
IEu =
DN00a NEu
√
C
E
√
P(
1+DN00a τrad
√
C
E
√
P
) (5.25)
The excitation process can be described as follows.
1. After optical excitation, the generated carriers are captured by the donors and ac-
ceptors respectively. In a micro structural view as in figure 5.17 it is considered
that a donor is surrounded by many acceptors and europium ions because accep-
tors and europium ions have similar concentrations which is larger than that of the
donors. Donor-acceptor pair transitions takes place between neutral donor-acceptor
pairs which can be considered as a dipole consisting of a positively charged donor
and a negatively charged acceptors with bound electron hole pair. Among various
possibility of transition of donor-acceptor pairs, only those donor-acceptor pairs can
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excite europium ion which are situated at a particular distance in such a way that the
excited energy levels of europium ion exactly match the donor-acceptor pair tran-
sition. This leads to a resonant energy transfer from the donor-acceptor pair to the
europium ion. In addition to that there are non-radiative band-to-band transitions due
to a high amount of non-radiative centers formed during implantation.
2. Europium ions are excited by resonant energy transfer from the donor-acceptor pairs.
The excited europium ions can then emit red luminescence due to transitions within
the 4f shell.
Equation 5.1 represents the rate of change of density of electrons generated by optical exci-
tation which depends on band-to-band non radiative recombination, as well as capture and
emission by the donors. Equation 5.2 represents the rate of the holes. Equation 5.3 de-
notes the rate of change of optically excited donors. This depends on electron capture and
emission from donor level and the donor acceptor pairs transition (DAP) exciting europium
ion and DAP transition which are not exciting europium ion. Equation 5.4 represents rate
of change of acceptors. Equation 5.5 denotes the rate of excited europium ions, which de-
pend on those donors-acceptors pairs which are resonantly transferring energy. Solving the
above equations we get a square root behavior of intensity with respect to generation rate
as in equation 5.25.
The fitting of this function to the experimental data for each peaks of all possible optical
centers is shown in figures 5.19 and 5.20. From the equation (5.25) the denominator is
1+DN00a τrad
√
C
E
For type I center the value of DN00a τrad
√
C
E is 0.0038
1
cm
3
2 sec2 Watt
1
2
which is much less
compared to 1 which leads to square root dependence in intensities with excitation power.
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On the other hand for type III centers this value is found to be 0.73 which lead to a saturation
in intensities at higher excitation power.
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Figure 5.19: The solution of above equations is fitted to the peaks (peak 5) belong to the
type I center.
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Figure 5.20: The solution of above equations is fitted to the peaks (peak 8) of the type III
center.
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Figure 5.21: Schematic of a proposed energy transfer model under below band gap excita-
tion. Under optical excitation neutral donor-acceptor pairs are formed. Those
pairs which are at the right distance from the europium ion to transfer energy
resonantly are undergoing transition. Through out the transition they can excite
the europium ions to give rise the red luminescence.
5.1.4.2 Below band gap excitation
In case of below band gap excitation, donor-acceptor pairs are directly excited and subse-
quently transfer the energy to the europium ions as shown in the diagram 5.21.
The rate equations for below band gap excitation are the following.
dN0a
dt
= P
(
Na−N0a
)(
Nd −N0d
)
−BN0a,no N0d −C N0a,Eu N0d (5.26)
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dN0a,no
dt
= P
(
Na,no−N0a,no
)(
Nd −N0d
)
−BN0a,no N0d (5.27)
dN0a,Eu
dt
= P
(
Na,Eu−N0a,Eu
)(
Nd −N0d
)
−C N0a,Eu N0d (5.28)
IEu =C N0a,Eu N
0
d (5.29)
N0a = N
00
a +∆N
0
a = N
00
a +∆N
0
d (5.30)
∆N0a = ∆N
0
d = ∆N
0
a,no +∆N
0
a,EuN
0
a = N
0
a,no +N
0
a,Eu (5.31)
From the equation 5.28 and 5.29 we get
⇒ N0a,Eu = IEuC N0d
P
(
Na,Eu− IEuC N0d
)
Nd = 0
⇒ IEu = P
(
Na,Eu− IEuC∆N0d
)
Nd
for low excitation power ∆N0d = AP
⇒ IEu = P
(
Na,Eu− IEuC AP
)
Nd (5.32)
⇒ IEu = PNa,Eu Nd(
1+ 1C A
) (5.33)
Where P is the generation term after the optical excitation. N0d is the concentration of
the neutral donors. N0a is the concentration of the neutral acceptors. N
0
a is the sum of
N0a,Eu and N
0
a,no. N
0
a,Eu is the concentration of those neutral acceptors which are at the
right distance from the europium ions to excite them. N0a,no are the concentration of those
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neutral acceptors which are not exciting europium ions, but they can participate in donor-
acceptor pair recombination. N0d,Eu is the concentration of the neutral donors which are
participating in exciting the europium ions. B is the coefficient of transition between N0d
and N0a,no. C is the coefficient of transition between N
0
d and N
0
a,Eu. P is the laser power.
N∗Eu is the concentration of the excited europium ions, τrad is the europium radiative life
time. Excitation of the europium ions depend on those donor-acceptor pair transition which
are located at a right distance to match one of the excited energy levels of the europium ion.
Solution of the above equations is a linear function as in the equation (5.33) .
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Figure 5.22: Excitation power dependent photoluminescence intensity of Eu3+ spectra
(peak 4) in Mg-doped GaN:Eu. Other peaks (5, 6 and 7) have similar be-
havior. Solid line is the fitting of the data with the proposed donor-acceptor
pair-related energy transfer model. The dependence in Eu3+ intensity is linear
with increasing excitation power.
In figure 5.22 the experimental data have been fitted.
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5.1.5 Temperature dependent photoluminescence of type I center
5.1.6 Luminescence quenching and non radiative process of Eu3+ ion
5.1.6.1 Above band gap excitation
For type I center the quenching mechanism is fitted with following Arrhenius equation
(5.34) [92] shown in following figures.
IEu(T ) =
IEu(0)
1+A exp
(
−EA
kBT
)
+B exp
(
−EB
kBT
) (5.34)
Here IEu(0) is the intensity at low temperature, and IEu(T) is the intensity of the respective
peaks at higher temperatures. k is the Boltzmann constant and T is the temperature. Two
activation energies 106 meV and 0.6 meV are found which are very close to acceptor acti-
vation energy. This is a further confirmation that the excitation and de-excitation process of
europium ions are due to DAPs.
Intensities of peak 8 belongs to type III center is found to be constant from 15 K to 300
K. In addition for the peaks of type I site there is a strong temperature dependence in the
intensity. Similar activation energies for the peaks (peak 4 and peak 5) of type I site are
found. For peak 4 the activation energies are 106 meV and 1 meV respectively and for
peak 5 the activation energies are 108 meV and 2 meV respectively. The fitting is shown in
figure 5.23 and 5.24.
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Figure 5.23: Normalized temperature dependent Eu3+ intensity of peak 4 fitted by Ar-
rhenius equation( 5.34). The activation energies are 106 meV and 1 meV
respectively
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Figure 5.24: Normalized temperature dependent Eu3+ intensity of peak 5 fitted by Ar-
rhenius equation( 5.34). The activation energies are 108 meV and 2 meV
respectively
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5.1.7 Below band gap excitation
For below band gap excitation the the donor-acceptor pairs are excited directly by optical
excitation. Interestingly any thermal quenching of the Eu3+ luminescence peak intensities
is not observed up to room-temperature as shown in figure 5.11, which means that there is
no nonradiative process associated with temperature. This purely radiative emission from
Eu3+ ion can be a consequence of the excitation and de-excitation process. As the donor-
acceptor pairs are directly excited by below band gap excitation, a linearly increase in Eu3+
intensity is expectedly observed. From the emission spectra of DAP transition and Eu3+, it
is apparent that the difference between the DAP and Eu3+ energy levels is sufficiently large
(approximately 800 meV) which could lead to high activation energy to observe in Eu3+
luminescence and that is why the back transfer energy from Eu3+ ion to the donor-acceptor
pair is negligible giving rise to a constant Eu3+ emission intensity at all temperatures.
5.1.8 Constant photoluminescence lifetime of Eu3+ luminescence in
Mg-doped GaN:Eu by below band gap excitation
In figure 5.25 the lifetimes have been determined by time resolved photo-luminescence
spectroscopy at different temperatures in the spectral range of 620 nm to 624 nm. First
the signal was measured at implanted spot and then at off implanted spot. To get the real
contribution from europium emission I subtracted the signal from the implanted spot to off
implanted spot. Lifetimes have been determined by fitting the complete transients to a mono
exponential increase and decay with similar time constants by following equation
I (t) = I0 + Isteadystate
 Θ(t− t0)Θ
(
t0 + tpulse− t
)(
1− e
( −t−t0
τ
))
+Θ
(
t− t0− tpulse
)(
1− e
( −tpulse
τ
))(
e
−t−t0−tpulse
τ
)
 (5.35)
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Where I0 is the back ground intensity, Isteadystate is the intensity at steady state, Θ is the
heavyside function. t0 is the time when laser turn on, tpulse is the pulse width of laser.
First term in side the bracket represents intensity in the rise and second term represents the
intensity decay regime. The lifetime is found to have a small temperature dependence, i.e
0 1 2 31 0
0
1 0 1
1 0 2
1 0 3
1 0 4
1 0 5
0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 0
5 0
1 0 0
1 5 0
2 0 0
2 5 0 4 0  K 1 0 0  K 1 5 0  K 2 0 0  K 2 5 0  K 3 0 0  K
 














T i m e  ( m s )
L a s e rp u l s el e n g t h
 





	
	








T e m p e r a t u r e  ( K )
p - d o p e d  G a N : E u 3 +  r i s e  a n d  d e c a y  t i m e s
Figure 5.25: Photoluminescence lifetime of Eu3+ spectra in Mg-doped GaN:Eu from 40 K
to 300 K. The excitation source is a 378 nm diode laser with a repetition rate of
250 s−1. Left side of the figure showing the transients on the other hand right
side is showing the lifetime at various temperatures. The dotted line is a guide
to the eye.
250 µs to 225 µs, from low temperature to room-temperature which is shown in figure 5.25
but no sharply decrease as previously has observed [7]. However the intensity remains
constant with increasing temperature. This means there is no back energy transfer taking
place from excited Eu3+ ion to the host. Lee et al. [7] observed a sharp decreasing trend of
life time with increasing temperature under above the band gap excitation. They explained
there might be an energy back transfer with higher temperature. In our case any back energy
transfer at higher temperature is not observed as intensity remains constant as in figure 5.11
which means a purely radiative emission from Eu3+.
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5.1.9 Effect of Mg concentration on Eu3+ luminescence
Eu3+ luminescence in GaN:Eu with Mg doping with different concentrations was investi-
gated. The intensities of all the peaks are increasing first, then decreasing and then again
increasing for increasing in Mg concentrations. The variation of Eu3+ intensity with Mg
flux is shown in figure 5.26. This random variation of Eu3+ luminescence intensity may be
due to the inhomogeneous distribution of Mg in GaN.
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Figure 5.26: Peak intensities of Eu3+ luminescence in GaN with various Mg concentration.
The excitation source is above band gap excitation (335 nm) at 15 K
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5.1.10 Eu3+ luminescence for different Eu doses in Mg-doped GaN:Eu
Europium luminescence at different implanted doses from 1010cm−2 to 1014 cm−2 was
studied. Similar spectra for all doses is observed as shown in figure 5.27. However, peak 8
disappear in lower doses. The intensities of the peaks slowly increase up to the dose 1013
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Figure 5.27: Dose dependent Eu3+ luminescence spectra at 15 K under λex=335 nm excita-
tion. The spectra are normalised to their maximum intensity.
cm−2 however, intensities rapidly increase for the dose 1014 cm−2 as shown in figure 5.28.
This can be explained by activation of a new optical center at higher doses.
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Figure 5.28: Intensities of the individual peak of Eu3+ in various doses at 15K for λexc =
335 nm.
5.2 Enhanced Eu3+ luminescence in GaN:Eu by Mg and Si codoping
As donor-acceptor pairs involved in the energy transfer to europium ion, the donor concen-
tration was increased by Si doping in GaN. The Eu3+ luminescence in europium implanted
GaN codoped with both Mg and Si (Mg and Si doped GaN:Eu) is investigated. Strong en-
hancement of Eu3+ luminescence was observed in these sample (Mg, Si doped GaN:Eu).
The Eu3+ intensity in the 5D0 to 7F2 transition region is found to be thirty times higher
compared to europium-implanted undoped GaN (GaN:Eu). The major contribution to this
overall enhancement is due a weak peak (peak 8) present only in europium-implanted Mg-
doped GaN at 2.0031 eV (618.9 nm) which is strongly enhanced by codoping both Mg and
Si.
In figure 5.29 photoluminescence spectra for europium-implanted GaN (GaN:Eu) un-
doped and co-doped with Si, Mg, and both Si and Mg are shown in the spectral range of
the 5D0 to 7F2 transition. From all spectra, the background has been subtracted. The sam-
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Figure 5.29: Photoluminescence spectra of Eu3+ in Si-doped, Mg-doped, and (Mg and Si)-
doped GaN:Eu at 15 K excited by the 335 nm line. The spectra were mea-
sured under the same conditions and thus the intensities are comparable. The
donors play a significant role in Eu3+ luminescence and as the introduction
of Si (donor) is enhanced the luminescence so its concentration has been in-
creased to five times.
ples have been excited by the 335 nm line (3.70 eV), which is well above the band gap of
GaN (Eg= 3.5 eV) at 15 K. The three peaks 4, 5 and 6 are typical peaks of Eu3+ ions in
europium-doped GaN. For undoped or Si-doped GaN:Eu the Eu3+ luminescence is found
to be less efficient compared to Mg-doped GaN:Eu. Peak 6 has the highest intensity in Si-
doped GaN:Eu, on the other hand it is found to be the least intense peak in other samples.
The Eu3+ luminescence in Mg-doped GaN:Eu is approximately four times more intense
than in undoped GaN:Eu or Si-doped GaN. Two new weak peaks 7 and 8 are emerging
by Mg codoping. However, for samples doped with both Mg and Si these new peaks are
enhanced more than ten times compared to the corresponding peaks in Mg-doped GaN:Eu.
This could be due to a particular center being active when both Mg and Si are codoped to
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GaN. The overall intensity in the range of the 5D0 to 7F2 transition is three times higher
than in Mg-doped GaN:Eu. In case of Mg-doped and Mg and Si-doped samples the spectra
are fitted by five Lorentzians and for the broad shoulder we have used a Gaussian function.
From the fitting the peak positions of 4, 5, 6, 7 and 8 peaks are found to be 1.991 eV, 1.993
eV, 1.9973 eV, 1.9997 eV and 2.0031 eV respectively. However, peak 6 and peak 7 are
shifted about 1 meV from that of Mg-doped GaN:Eu. So they are represented as 6a and 7a.
The peaks 7a and 8 are the most intense peaks in Mg-doped and in Si-doped GaN:Eu. In
addition to that, the intensity ratios of different peaks are not same for all samples, which
means that these peaks are likely have contributions from different optical centers.
In figure 5.30 the 5D0 to 7F0 transition is shown. As discussed before this transition can
not be split by symmetry, so the number of peaks represents the number of optical centers
in the host. We have seen that one of the peak corresponds to the peak 18 of Mg doped
GaN:Eu is significantly enhanced in the Si and Mg codoped GaN:Eu, which means that a
particular Eu center is activated by Si and Mg codoping. As discussed before the peak 4
and peak 5 are belonging to a same optical center however, origin of peak 6 is unclear. In
contrast to Mg-doped GaN:Eu, peak 7a and peak 8 seem to originate from same optical
center and belongs to a center which correspond to peak 18.
This is confirmed by observing similar temperature dependent photoluminescence inten-
sity of these three peaks as shown in figure 5.31
5.2.1 Below band gap absorption
In figure 5.32 the excitation wavelength dependent Eu3+ luminescence in Mg and Si-doped
GaN:Eu both at 15 K and RT is shown. The excitation sources were chosen such that it can
vary from below band gap to above band gap of the GaN host. For all excitation wavelength
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Figure 5.30: 5D0 to 7F0 transition of Eu3+ luminescence in (Mg and Si)-codoped GaN:Eu
and in Mg-doped GaN:Eu at 15 K.
except 405 nm peak 4 and peak 5 have been found to have maximum intensity. The overall
Eu3+ luminescence intensity is found to be maximum at 365 nm (3.39 eV) excitation wave-
length, which is below the band gap for GaN (3.5 eV) at 15 K. In figure 5.33 the intensity
ratio of peak 8 and peak 4 is plotted against excitation wavelength. The intensity of peak 4
is found to be essentially constant irrespective of excitation wavelength so it is assumed that
this intensity ratio of peak 8 and peak 4 could relate to the excitation process. This ratio is
increasing with increasing excitation energy towards the band edge i.e up to 3.39 eV then
it is decreasing for higher excitation energy. This means that europium ions are excited by
some shallow defects which are close to the band edge. These defects are excited, directly
by the laser excitation or through the bandedge and transfer energy to the europium ions.
As the Eu3+ intensity is highest if both donors and acceptors are present with large concen-
trations, it appears likely that this energy transfer proceeds via donor-acceptor pairs. It is
envisioned that direct resonant dipole-dipole interaction between donor-acceptor pairs and
excited states of Eu ions is responsible for energy transfer.
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Figure 5.31: Temperature dependent photoluminescence intensity of peaks 7a, 8 and 18
of Eu3+ luminescence in (Mg and Si)-codoped GaN:Eu and in Mg-doped
GaN:Eu.
At 405 nm excitation the intensity ratio of peaks 7a, 8 and peaks 4, 5 is smaller than unity
which indicates that the optically active centers associated with peaks 4 and 5 are excited
by a different pathway, possibly via deep donor-acceptor pairs present in Mg-doped GaN
giving rise to the well known blue luminescence [49].
5.2.1.1 Further confirmation of Mg and Si role in energy transfer by temperature
dependent below band gap excitation
In figure 5.34 the temperature dependent intensities of individual peaks of Mg and Si doped
GaN:Eu are shown. The samples are excited by 380 nm laser line which is below band gap
for GaN. The intensity of most intense peaks 7a and 8 increase up to 180 K then decreases
towards 300 K.
As the most intense peak is a concern so the intensities of peak 8 as a function of tem-
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Figure 5.32: Excitation wavelength dependent photoluminescence intensity of Eu3+ in (Mg
and Si)-codoped GaN:Eu. For all cases the power density is about 1 KW/cm2.
perature is shown in figure 5.35. It is fitted by the analytical equation 5.36.
Ipl =
I0 +Be
−E1
KT
1+Ce
E2
KT
(5.36)
Where, I0 is the Eu3+ photoluminescence intensity at 15 K, Ipl is the intensity at subsequent
temperatures; E1 and E2 are the two activation energies, B and C are the prefactors, k is the
Boltzmann constant and T is the temperature. The activation energies are found to be 14±1
meV and 174±7 meV respectively.
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Figure 5.33: Intensity ratio of peak 8 and peak 4 of Eu3+ versus excitation wavelength in
(Mg and Si)-codoped GaN:Eu at 15 K and RT.
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Figure 5.34: Eu peak intensities with temperature excited by 380 nm.
In figure 5.36 spectra of DAP luminescence of Mg and Si doped GaN:Eu at 2.8 eV is
shown at 15 K. The intensities with respect to temperature has been fitted with equation 5.32
shown in figure 5.37. We have determined two activation energies for the DAP transition.
One is 17±13 meV for the low temperature range another is 239±40 meV for high temper-
ature range. The thermal activation energy at high temperature range usually assigned as
the activation of Mg acceptor. Similar activation energies have been found for Eu3+ lumi-
nescence as well. This indicates that donor-acceptor pairs involves in energy transfer to the
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Figure 5.35: Fitting of temperature dependent intensity under below band gap excitation
europium ion.
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Figure 5.36: DAP luminescence in Mg,Si doped GaN:Eu at 15 K under above band gap
excitation
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Figure 5.37: Fitting of DAP luminescence intensity with temperature
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5.2.2 Temperature dependent Eu3+ luminescence in Mg and Si doped
GaN:Eu
5.2.2.1 One nonradiative channel under above band gap excitation
In figure 5.38 the Eu3+ luminescence spectra is shown in different temperatures (15 K to
300 K). For all the temperatures the intensities of peak 7 and peak 8 remain highest which
is reason for concerning these peaks. In figure 5.39 I fit the data with Arrhenius equation
(5.34) to determine the activation energies and found that only one dominant non-radiative
channel associated with Eu3+ luminescence in Mg, Si doped GaN:Eu having activation
energy of 364 meV.
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Figure 5.38: Photoluminescence of Eu3+ in Mg and Si co-doping in GaN under 335 nm
excitation at 15 K.
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Figure 5.39: Temperature dependent intensities of peak 8 of Eu3+ luminescence in Mg and
Si doped GaN:Eu excited by 335 nm laser
5.2.3 Excitation mechanism of Eu3+ ion under above band gap excitation
The peaks 7a and 8 which are emerging in consequence of Mg and Si codoping in GaN:Eu
was investigated by excitation power dependent photo-luminescence at different tempera-
ture range. The intensities of peak 8 against excitation power from low to high temperature
shown in figure 5.40. Similar slope (0.6) of intensities with respect to excitation power have
been found for all the temperatures which is well agreement to our previous discussion of
donor-acceptor pair related energy transfer model as in equation (5.25).
The fitting is shown in in figure5.41. From the fitting parameter DN00a τrad
√
C
E is found
to be 0.05 1
cm
3
2 sec2 Watt
1
2
which is smaller than that of the corresponding peak in Mg doped-
GaN:Eu. This could be due to the involvement of different kind of donors in europium
excitation.
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Figure 5.40: excitation power dependent of Eu3+ peak 8 in Mg, Si doped GaN:Eu excited
by 335 nm with different temperature. The slope is found to be 0.6
0 5 1 0 1 5 2 0 2 5 3 0 3 50
5
1 0
1 5
2 0 M g ,  S i  d o p e d  G a N : E u
λ e x = 3 3 5  n m ,  1 5  K
 
 
Inte
nsit
y (a
rb.u
.)
E x c i t a t i o n  p o w e r  ( m W )
 p e a k  8 F i t t i n g
Figure 5.41: Fitting of the power dependent photoluminescence with the proposed model as
in equation ( 5.25)
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5.3 Eu3+ luminescence in europium-implanted AlGaN alloy
We have investigated Eu3+ luminescence in AlGaN:Eu with various Al composition (Al0.07GaN:Eu,
Al0.20GaN:Eu, AlN ) at 15 K which is shown in figure 5.42. The excitation source is 335
nm laser line, which is very close to the band edge in case of 7 percent of aluminium
composition at 15 K. The Eu3+ luminescence spectra in AlGaN differ from Mg doped-
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Figure 5.42: Eu3+ luminescence spectra in AlGaN:Eu with different Al composition along
with in Mg doped GaN:Eu at 15 K. The samples were excited by 335 nm laser
line.
GaN:Eu. Only the corresponding peaks 4 and 5 of Mg doped-GaN:Eu are cleary seen in
AlGaN:Eu. The ratio of intensities between these peaks in Mg doped-GaN:Eu are changed
in AlGaN:Eu. The number of peaks for 5D0 to 7F2 transition are reduced to two in case of
AlGaN host. Spectra of Eu3+ in all investigated materials is shown in figure 5.42. The peak
positions are shifted towards red with increasing Al composition as shown in figure 5.43.
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Figure 5.43: Variation of Eu3+ luminescence peak position (corresponding peaks 4 and 5
of Mg doped-GaN:Eu) in different Al composition.
By changing the alloy composition the crystal field of Eu3+ is changed and consequently
the peak positions and spectral shape. The full width at half maximum (FWHM) of Eu3+
luminescence peaks in whole Al composition range is shown in figure 5.44. The highest
FWHM was found at 30 percent of aluminium. The asymmetrical variation in FWHM as a
function of composition also observed by Wang et al. [93]. They reported that this behavior
is similar to the bound exciton luminescence in semiconductor alloys.
5.3.1 Temperature dependence of Eu3+ luminescence in AlGaN:Eu
5.3.1.1 one non-radiative channel under above band gap excitation
Temperature dependence of Eu3+ luminescence has been studied under above and below
band gap excitation sources and is shown in figure 5.45. The data is fitted with Arrhenius
equation (5.34). One dominant activation energy of 142 meV is found which is responsible
for intensity quenching. The fitting is shown in figure 5.46.
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Figure 5.44: FWHM of Eu3+ luminescence peak in whole Al composition range.
5.3.1.2 Temperature dependence Eu3+ luminescence in AlGaN:Eu under below band
gap excitation
In case of below band gap excitation the Eu3+ luminescence remains constant similarly as
in Mg doped GaN:Eu. The intensity as a function of temperature is shown in figure 5.47.
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Figure 5.45: Temperature dependent peak intensities of Eu3+ luminescence in AlGaN:Eu
5.3.1.3 Photoluminescence lifetime of Eu3+ luminescence in AlGaN:Eu
Time resolved photoluminescence was determined by using below band gap excitation (380
nm) source. The sample was measured at liquid He temperature. The transients are fitted
by equation (5.35) as shown in figure 5.48. The lifetime is found to be 292 µs which is
higher compared to in Mg-doped GaN:Eu.
95
0 5 0 1 0 0 1 5 0 2 0 00 . 0 1
0 . 1
1
 
 
Nor
ma
lise
d in
ten
sity
 (ar
b.u
.)
1 0 0 0 / T  ( 1 / K )
λ e x = 2 6 6 n m ,  3 m W
p - A l 0 . 0 7 G a N : E u
E = 1 4 2 m e V
Figure 5.46: Arrhenius fitting of temperature dependent Eu3+ intensity in ALGaN:Eu
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Figure 5.47: Temperature dependent Eu3+ photoluminescence intensity in AlGaN:Eu under
below band gap excitation (380 nm)
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Figure 5.48: Photoluminescence lifetime of Eu3+ luminescence in AlGaN:Eu at liquid he-
lium temperature.
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5.4 General discussion about above results
The luminescence intensity of Eu3+ in Mg-doped GaN:Eu is enhanced than in u-GaN:Eu.
Several optically active centers contributing to the Eu3+ luminescence have been observed.
However, both Mg and Si doped GaN:Eu samples show most intense Eu3+ luminescence.
The excitation of Eu3+ion is based on donor-acceptor pair related energy transfer mecha-
nism. In AlGaN host Eu3+ luminescence peaks found to have different intensity ratios and
changed peak positions due to changes in the crystal field.
5.5 Other RE and transition metals in Nitrides
As the goal was to fabricate a single photon source, it is necessary to investigate lumines-
cence from various rare earth ions such as cerium (Ce), erbium (Er) and various transition
metals such as chromium (Cr), cobalt (Co) and nickel (Ni) in nitride host. In figure 5.49 the
photo-luminescence spectra of Ce, Er and Eu in AlGaN host are shown. From the figure
Eu3+ luminescence is clearly visible as small peaks around at 620 nm. However a broad
peak at around 540 nm was observed for all the samples. In the literature it is reported that
erbium has emission at 532 nm [34] and cerium has a broad luminescence band at 560 nm
[20]. It is clear that erbium doped AlGaN does not show any erbium related visible lumi-
nescence. On the other hand cerium doped AlGaN show a broad band near the expected
range. However, as all the implanted samples are showing the same emission peak it is very
difficult to distinguish the real cerium emission rather, it is intended to say that the emission
from all the samples related to some defects induced due to implantation.
In this case it is difficult to distinguish between the rare earth luminescence and defect
luminescence. In figure 5.50 the photoluminescence spectra of Cr doped AlGaN and AlN
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Figure 5.49: Photoluminescence spectra of cerium, erbium, and europium doped AlGaN at
15 K for λex=350 nm excitation
at 15 K under 335 nm excitation is shown. Emission at 694 nm was expected from these
samples [40]. Unfortunately there is no emission found related in this range. Similarly
cobalt implanted GaN was investigated. Photoluminescence spectra at 15 K is shown in
figure 5.51. Co related luminescence is expected at 662 nm [44]. However, from the fig-
ure 5.51 it is evident that no luminescence is observed related to cobalt. Smaller peaks in
the spectrum might be related to host materials because the spectrum is not only observed
in the implanted region but also in the nonimplanted region as well.
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Figure 5.50: Photoluminescence spectra of Cr implanted nitrides at 15 K for λex=335 nm
excitation
As shown in figure 5.52 nickel doped GaN, AlGaN and AlN was investigated. Nickel
related emission is expected at 503 nm [48]. However, any nickel related emissions was
not observed. These peaks could be due to the substrate and present in whole region of the
samples irrespective of implantation.
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Figure 5.51: Photoluminescence spectra of cobalt implanted GaN at 15 K for λex=380 nm
excitation
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Figure 5.52: Photoluminescence spectra of Ni implanted Mg doped GaN at 15 K for
λex=335 nm excitation
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6 Summary and Conclusions
In conclusion, Eu3+ luminescence in europium implanted various nitride hosts (u-GaN,
p-GaN, AlGaN and AlN) is investigated and two different optical active centers (type I
and type III) in Eu implanted Mg-doped GaN along with several other possible optical
centers have been observed. The peaks belongs to two optical centers are identified. In
contrast there are only one optical centers (type I) present in Eu implanted undoped GaN.
The intensity of peaks belongs to type III center is found to be temperature independent. The
excitation process is modeled by a resonant energy transfer from donor-acceptor pairs to the
europium ions. From temperature dependent Eu3+ luminescence two activation energies
are found under above band gap excitation. Under below band gap excitation the Eu3+
luminescence intensity remains constant and found no intrinsic nonradiative energy back
transfer takes place from excited europium ions to the GaN host. This is also evident from
the weak temperature dependence of the Eu3+ luminescence lifetime.
Moreover, in europium implanted GaN codoped with both Mg and Si we have found
strong enhancement of Eu3+ luminescence which is essential for fabricating greater effi-
cient red light emitting diode. Energy transfer to the europium ion is found to take place
through the donor-acceptor pair.
In AlGaN:Eu we have found changes in Eu3+ luminescence peak positions and spectral
103
shape due to change in the crystal field.
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